Subpicosecond resolution differential transmission measurements of an InN epilayer have been employed to probe the carrier recombination dynamics and hot carrier relaxation processes in these materials at room temperature. We observed a fast initial hot carrier cooling followed by a slower recombination process with characteristic decay times of 300-400 ps. At short times after pulsed excitation, modeling of the observed relaxation suggests that the dominant energy relaxation process is longitudinal optical phonon scattering modified by a strong hot phonon effect. At longer times, a redshift of the peak energy in the differential transmission spectra was observed. This redshift is consistent with a reduction of the bandfilling effect that occurs as the photoexcited carriers recombine. © 2003 American Institute of Physics. ͓DOI: 10.1063/1.1633973͔ Recent progress in growth techniques has led to the availability of high crystalline quality hexagonal InN layers with low electron concentrations.
Recent progress in growth techniques has led to the availability of high crystalline quality hexagonal InN layers with low electron concentrations.
1,2 The optical characterizations of these improved wurtzite InN crystals have provided convincing evidence that there is a band edge around 0.7-0.9 eV, [3] [4] [5] much narrower than the ϳ1.9 eV that was measured in earlier studies of InN. 6, 7 Moreover, the band gap energy of the GaInN ternary alloys has been shown to cover a wide spectral range from the infrared for InN to the near ultraviolet for GaN. 8 This wide tunable range is very promising for applications in many optoelectronic devices and systems. Even with all the significant recent developments on the measurement and calculation 9 of the physical and optical properties of InN, the carrier dynamics, and the related material parameters, such as the recombination lifetime and the carrier thermalization time are still unknown. These parameters are indispensable to the design and optimization of high-speed electronic and optical devices as well as in optimizing material growth conditions. In this letter, we present subpicosecond differential transmission ͑DT͒ measurements that temporally resolve the photoexcited carrier relaxation and recombination dynamics in InN epilayers by monitoring the change of absorption. In this method, the direct observation of the carrier recombination lifetime and energy relaxation rate is possible.
The epilayer studied in this work was an 850 nm InN film grown on a 220 nm GaN buffer layer that was deposited on a ͑0001͒ sapphire substrate by molecular beam epitaxy. The details of the growth technique have been reported elsewhere.
1 X-ray diffraction studies have shown that this was a high-quality wurtzite structured InN epitaxial layer formed with its c axis perpendicular to the substrate surface. The free electron concentration in this sample was measured to be 1.3ϫ10 18 cm Ϫ3 and the electron mobility was measured as 1340 cm 2 /V s at room temperature. Figure 1͑a͒ shows the measured room temperature absorption and photoluminescence ͑PL͒ spectra of this sample. The peak energy of the PL spectra and the absorption edge coincide at 0.66 eV. Consistent with direct interband transitions, the functional form of the absorption coefficient above the band edge is described by (EϪE g ) 1/2 . Subpicosecond DT measurements were performed using a Coherent regenerative amplifier ͑REGA͒, operating at 250 kHz. The output of the REGA was frequency doubled to 400 nm to serve as the pump source for an optical parametric amplifier that generates a tunable visible pulse ͑450-720 nm͒ and a tunable infrared pulse ͑0.9-3.6 m͒ with typical pulse widths of ϳ300 fs. In these experiments, the infrared pulse was used as the probe beam and the remaining output of the frequency-doubled pulse at 400 nm served as the pump beam. All measurements were performed at room temperature. APPLIED PHYSICS LETTERS VOLUME 83, NUMBER 24 Figure 1͑b͒ shows the measured DT signal as a function of time delay for a fixed pump fluence of 80 J/cm 2 at various probed photon energies. The signal at energies below 0.67 eV decays single exponentially with time. In contrast, for energies above 0.67 eV, the signal shows an initial fast decay followed by a much slower relaxation. The fast decay component results from hot carrier relaxation. The slow decay component is attributed to carrier recombination. Recombination lifetimes ranging from 300 to 400 ps can be extracted by an exponential fit, and it was observed that this lifetime decreases with increasing monitored photon energy across the emission spectra. For InN at room temperature, the bimolecular radiative recombination coefficient B r is approximated as ϳ0.3ϫ10 Ϫ10 cm 3 s Ϫ1 , by using the method developed by other groups. 10, 11 The maximum electron density including both free electron concentration n 0 and injected carrier density ⌬n achieved here is ϳ3.2ϫ10
18 cm Ϫ3 . The radiative lifetime is then obtained as: ͓B r ϫ(n 0 ϩ⌬n)͔ Ϫ1 ϭ10.4 ns, which is much longer than the measured carrier lifetime. This short carrier lifetime is consistent with trapping of the photogenerated carriers by impurities and defects, resulting in the fast nonradiative recombination.
The Fermi surface in the conduction band in InN has shown a strong dependence on the free electron concentration. 5 As expected, the peak energy of the DT spectra, where a significant photoexcited carrier density was generated, exhibits a pronounced blue shift with respect to the PL peak energy ͑under weak excitation͒ as shown in Fig.  1͑c͒ . More importantly, this peak energy of the DT spectra redshifts with time delay. These results are consistent with a reduction of the bandfilling effect as the photoexcited carriers recombine.
In order to illustrate the hot carrier relaxation dynamics, we plot the DT signal versus time delay at very short times in Fig. 2͑a͒ . The instantaneous increase in the probe transmission near zero time delay is the result of phase space filling induced by the pump pulse. After excitation, the nonthermalized photoexcited carriers interact mostly through a carriercarrier scattering, and reach a thermalized distribution at a carrier temperature higher than the lattice temperature within the time scale of ϳ100 fs. The thermalized hot carriers, at a temperature higher than the lattice temperature, transfer energy to the lattice and reach equilibrium through phonon emission. This hot carrier relaxation process is reflected by an observed fast decay at an energy of 0.87 eV and a slight increase versus time delay at an energy of 0.67 eV as shown in the DT spectra presented in Fig. 2͑a͒ . Figure 2͑b͒ shows the DT spectra for time delays from 6 to 40 ps. At the shortest time delay, the spectrum is very broad and there is a noticeable high-energy tail exponentially decaying with energy. With increasing time delay, the spectra become narrower indicating relaxation of the hot photoexcited carriers, and the high-energy tail becomes steeper indicating a decrease in the carrier temperature. For energies sufficiently higher than the quasi-Fermi energy, the observed signal is directly related to changes in the occupation of the states, ⌬T(E)/T(E)ϭϪ⌬␣(E)Lϭ( f e ϩ f h )␣ 0 (E)L, where f e and f h are the electron and hole occupation probabilities, respectively, L is the thickness of InN layer, and ␣ 0 (E) represents the unexcited absorption coefficient at the energy of E. 12, 13 We have assumed that the spectrum reflects the Maxwell-Boltzman distribution of electrons and holes. Thus, the carrier temperatures as a function of time delay can be estimated from the reciprocal of the slope of high-energy tail in the spectrum. 14, 15 The derived carrier temperatures versus time delay were plotted in Fig. 3 . In order to obtain a crude estimate of the hot carrier relaxation time, the derived temperatures were scaled by the same factor to reach the lattice temperature ͑300 K͒ for long time delays. This scaling was necessary, because at the energies used for temperature extraction the contributions to DT signal from both holes and electrons may be present. 16, 17 Nevertheless, we can extract a hot carrier cooling time from the measurements. Specifically, it takes ϳ20 ps for the carrier temperature to reach an equilibrium temperature.
For temperatures above room temperature, the energy dissipation is dominated by polar LO phonon scattering, and the electron energy loss rate due to LO phonon scattering is given as 
where ប LO (meV) is the energy of LO phonon in InN (ប LO ϭ73.1 meV), 4 m e is the effective electron mass (m e ϭ0.07m 0 ), 5 x 0 ϭប LO /kT L ͑where T L is the lattice temperature͒, x c ϭប LO /kT c ͑where T c is the carrier temperature͒, K 0 is the modified Bessel function of zero order, and opt and s represent the optical and static dielectric constants, respectively. In addition to electrons, holes also contribute to the coupling to the lattice. For polar optical scattering, an accurate energy loss rate for the hole can be obtained by the ratio 0.5(m h /m e ) 1/2 of electron energy loss rate, 18 where m h is the calculated effective heavy hole mass of InN. Thus, the average energy per electron-hole pair is given by 3kT c and T c (t) can be expressed as
where T 0 is the carrier temperature at tϭ0 and C is an introduced factor to account for the reduction of the carrier energy loss rate due to other factors, such as screening effects and nonequilibrium phonons. The best fit to the experimental results from the earlier equations is obtained for Cϭ24, and is plotted in Fig. 3 as the solid curve. The value of C indicates that the effective strength of the carrier-LO phonon interaction is about a factor of 24 smaller than expected. In highly excited semiconductors, a large number of phonons are generated as the carriers relax by the emission of phonons. The decay time of the phonon is sufficiently long so that a large nonequilibrium phonon population is created. This nonequilibrium phonon population may lead to the reabsorption of phonons and, hence, a reduction in the net energy loss rate to the lattice. Such hot phonon effects reduce the probability of phonon emission as well as the energy loss rate from electrons ͑holes͒ to the lattice via phonon emission. Reduction factors up to 40 in GaAs systems 19 and 20 in GaN 20 have also been reported.
In conclusion, subpicosecond differential transmission measurements on an InN epilayer have been employed to probe the carrier recombination dynamics and carrier relaxation processes at room temperature. We observed a fast initial hot carrier cooling followed by a slow recombination process with characteristic energy dependent decay times ranging from 300 to 400 ps. At short delay times after excitation, the spectral signature clearly shows the existence of a very hot carrier distribution. Modeling suggests that the dominant energy relaxation mechanism is the carrier-LO phonon scattering process. The effective strength of the interaction is 24 times smaller than anticipated due to hot phonon effects. 
